: A typical muscle spindle consists of 3 types of intrafusal fibers that receive several fusimotor inputs (gamma static and dynamic) while giving rise to primary (Ia) and secondary (II) afferent (modified from (Bakker, 1980) ).
The muscle spindle is a sense organ found in most vertebrate skeletal muscles. In a typical mammalian lower limb muscle, 20500 muscle spindles can be found lying in parallel with extrafusal muscle fibers and experiencing length changes representative of muscle length changes (Chin et al., 1962 , Voss, 1971 . Their sensory transducers (primary and secondary afferents) provide the central nervous system with information about the length and velocity of the muscle in which the spindle is embedded (Figure 1 ). Their sensitivity is dynamically modulated by a complex fusimotor system of tiny intrafusal muscle fibers under separate control by the central nervous system. The spindles provide the main source of proprioceptive feedback for kinesthetic perception and spinal coordination.
Early spindle literature described very complex firing patterns from spindle afferents when subject to various kinematic and fusimotor conditions. Various stretches (ramp, triangular, sinusoidal) at different speeds, starting from different fiber lengths or during different fusimotor activations were utilized to help elucidate the mechanisms responsible for the observed afferent behaviour (transducer properties, mechanical properties, etc). Early models of muscle spindles usually addressed only specific afferent behavior such as small amplitude sinusoidal stretches that were hypothesized to be adequately described by linear system (Matthews and Stein, 1969 , Poppele and Bowman, 1970 , Chen and Poppele, 1978 . They proposed transfer functions to describe the system and in some cases also discussed potential ways to integrate fusimotor activity. While accurately capturing the specific range of behaviour, such models failed to capture the nonlinear afferent behaviour during larger amplitudes and higher velocities of stretch (Houk et al., 1981) . With time, the understanding of spindle structure and function became more complete and the models became more detailed and complex. We first review models of spindle transduction that are based on their anatomical structure, followed by a black box model by Maltenfort and Burke (Maltenfort and Burke, 2003) .
Spindle components
The structural models rely on anatomy and physiology to explain spindle afferent behaviour during different kinematic and fusimotor conditions. The structural spindle models usually use the extensive information available about the internal spindle components and their properties as measured directly in intrafusal fibers, or as inferred indirectly from spindle activity during controlled experiments, or as extrapolated from general properties of striated muscle fibers. Similarly to the biological spindle, the spindle models are driven by a combination of length changes and fusimotor activation (where modelled) in order to generate primary and/or secondary afferent activity. Most models use the extrafusal fiber length as the kinematic input, assuming that it is representative of the length changes being experienced by a spindle lying in parallel to extrafusal fibers. Because of series elasticity in tendons, the velocities of the spindles and extrafusal muscle fibers may differ transiently from the length of the overall musculotendon unit from origin to insertion, which more directly reflects the skeletal posture (Hoffer et al., 1992) . The models address either both the primary and the secondary afferents activity (Lin and Crago, 2002, Mileusnic et al., 2006) or concentrate only on the primary afferent (Rudjord, 1970 , Hasan, 1983 , Schaafsma et al., 1991 .
Intrafusal fiber models
The structural spindle models include explicit models of intrafusal fibers. All the spindle models include a model representing a bag1 intrafusal fiber, while a bag2 and chain fibers are either lumped together in a single model (Schaafsma et al. 1991; Rudjord et al. 1970; and partly Mileusnic et al 2006 or modelled separately (Lin and Crago 2002; Hasan, 1983; partly Mileusnic et al., 2006 . In a particular model system, all the intrafusal fiber models typically share the same structure, but their parameters and fusimotor innervation (when included) depend on fiber type. The intrafusal fiber is generally modelled as consisting of a polar and sensory region in series.
In a biological spindle, the centrally located sensory (transduction) region contains afferent endings wrapped around it. This region is commonly modeled as an elastic element (spring). The stretch in this region is related to the distortion of afferent endings and therefore depolarization of the membranes and generation or contribution to generation of the action potential firing (depending on the model).
On each side of the sensory region are the polar regions which share many properties with wellstudied striated skeletal (extrafusal) muscle fibers. When modelling the polar region, most of the models take advantage of this similarity and utilize Hilltype muscle models or typical forcelength and forcevelocity curves obtained for extrafusal fibers to model the polar region's behavior. Therefore, the polar region is usually modeled as a passive spring and a contractile element consisting of an active force generator and a damping element. In models where fusimotor effects are included, the polar region receives fusimotor activation, dynamically changing its mechanical properties. Dynamic fusimotor activation innervating the bag1 fibers has its major effect on increasing the stiffness of the myofilaments, thereby increasing the velocity sensitivity of the primary afferent. Static fusimotor activation of the bag2 and chain fibers induces polar region contraction, effectively introducing a positive bias to the activity of primary and secondary afferents.
Several models also use the polar region to model the experimentally observed effect of an initial burst ('stiction') in afferent firing at the start of small stretching movements from rest (Schaafsma et al. 1991; Lin and Crago 2002; Rudjord 1970; Hasan, 1983; Matthews and Stein, 1969; Chen and Poppele, 1978 . This seems likely to be caused by a very high viscosity in the quiescent bag1 fiber that exists for a very small range of motion, as a consequence of a small number of residual crossbridges between myofilaments that form in the absence of background fusimotor drive (Hill, 1968, Chen and Poppele, 1978) . In addition to being responsible for the initial burst, this phenomenon could be also a factor responsible for the observed elevated afferent activity during very slow and smallamplitude sinusoidal stretches. The effect is modelled differently depending on the model. The model by Schaafsma et al. (1991) , for example, assumes the existence of one hundred crossbridge regions that are initially fixed and thereby make the muscular part rigid. When a stretch is introduced, all elongation is initially transmitted to the sensory region resulting in intrafusal fiber force. As the force increases, the crossbridges gradually release when their individual breaking forces are reached. The model by Lin and Crago (2002) represented this effect as a potentiation effect (tx) that is a negative (decreasing) exponential function of the activation level. Although several models omit this "stiction" effect, it is debatable whether that represents a significant limitation because the effect seems unlikely to be a factor during most natural motor behavior, in which spindles usually operate over longer stretches and with continuously modulated fusimotor input, both of which eliminate stiction.
Like all muscle fibers, intrafusal fibers exhibit a substantial delay between fusimotor excitation and the generation of contractile output in the myofilaments. This is particularly relevant given that some theories of fusimotor function propose rapid modulation of fusimotor activation such as during a specific phase of the locomotor cycle. In the two models addressing this aspect (Lin and Crago 2002; Mileusnic et al. 2006) , different types of fusimotor fibers were given different timeconstants for a lowpass filter between excitation and mechanical output, as reported by (Boyd, 1976) and (Boyd et al., 1977) . While both models assume short time constant for the rapidly contracting chain fibers and longer for bag1 and bag2 fibers, they disagree regarding the time constants for the bag fibers. Boyd et al. (1977) reported a very long timeconstant for bag1 fibers based on video observations of visible contractions, but this may underestimate the risetime for the viscosity increase in these toniclike muscle fibers that underlies the velocity sensitivity of the primary afferents.
Primary and secondary afferent
Because the primary afferent endings spiral around all three intrafusal fibers, most of the models assume that the primary afferent ending reflects stretches in the sensory zones of all intrafusal fibers, except for a model by Lin and Crago (2002) where only the contributions from bag1 and bag2 fibers are recognized.
The few spindle models that address the secondary afferent model its activity as resulting from the bag2 and chain fibers where its spiral endings are located (Hasan, 1983; Lin and Crago 2002; Mileusnic et al. 2006 . In these models, the fiber's potential to contribute to the afferent firing is obtained either by calculating the stretch in the sensory region (Lin and Crago 2002; Hasan, 1983) or the stretch in both sensory and polar regions to account for the juxtaequatorial location of the secondary afferent endings straddling both sensory and polar regions of bag2 and chain intrafusal fibers. While assuming that the sensory endings are located only on the central sensory region might be acceptable during muscle lengthening where the primary and secondary afferents behave similarly, it might introduce errors during shortening where very different behaviors have been observed in primary and secondary afferents (especially during low or absent static fusimotor stimulation, when the primary afferent becomes silent, whereas the secondary afferent continues to fire).
Early spindle models computed the resulting primary or secondary afferent activity as a simple summation of the relevant intrafusal fiber contributions (Rudjord, 1970a Rudjord, 1970b , Hasan, 1983 , while the more recent models assume the existence of multiple spikegenerating sites (Schaafsma et al. 1991; Lin and Crago 2002; Mileusnic et al. 2006 . Multiple, competing spikegeneration sites appear to be necessary to account for the experimentally observed effect of occlusion, in which primary afferent firing that results from the simultaneous activation of static and dynamic fusimotor input innervating the same spindle is less than the sum of the rates produced by either fusimotor input individually (Banks et al., 1997 , Carr et al., 1998 , Fallon et al., 2001 . The number of the sites and the exact interaction between them, however, varies across the models. Some suggest two spikegenerating sites, one on the bag1 and the other on the bag2 (and chain) (Mileusnic et al. 2006; Schaafsma et al. 1991 , while the others suggest three sites, each related to individual intrafusal fiber (Lin and Crago, 2002) . The secondary afferent activity results from either pure summation of bag2 and chain activities or the competition between them (Lin and Crago, 2002) . Some models permit complete occlusion (Lin and Crago, 2002; Schaafsma et al. 1991) , while a recent model assumes that the spread of transduction current takes place between the impulse generating sites prior to the competition and suppression, therefore resulting in increased impulse generation at the dominant site (partial occlusion) . Partial occlusion between two or more spike initiation regions may give rise to irregular firing patterns as a result of collisions between action potentials (Loeb and Marks, 1985) but this has not been modeled explicitly; see Ensemble spindle activity below.
Spindle motoneuron innervation
All the spindle models addressing the fusimotor innervation assume the existence of single dynamic and single static fusimotor input. While not being widely accepted, there exists limited evidence supporting the existence of two different sources of static fusimotor drives. The direct fusimotor recordings of two static fusimotor efferents firing during decerebrate locomotion in the cat suggest that the two efferent firing profiles are somewhat out of phase; type 2 drive (presumed to be innervating bag2 fiber) leads the type 1 drive (innervating chain fibers) by about 0.17s (Taylor et al., 2000) . A recent spindle model incorporating the temporal properties of bag2 and chain fibers divided the static fusimotor input into two different static drives. The model more accurately predicted experimentally recorded secondary afferent activity when incorporating the different temporal properties of the different intrafusal fibers. Furthermore, the model findings suggested that the experimentally observed phase differences between the two static fusimotor drives would compensate for the differences in contractile dynamics of their respective intrafusal fibers, resulting in synchronous static fusimotor modulation of the receptors. This provides support for the simplification of including only one type of static fusimotor fiber and drive in spindle models, but it seems likely that they are actually used differentially in some behaviors.
In addition to incorporating fusimotor effects, two spindle models also addressed the effect of beta (β) motoneurons (Maltenfort and Burke 2001; Lin and Crago 2002) . The beta (or also called skeletofusimotor) motoneurons sometimes innervate both intra and extrafusal muscle fibers. Various evidence suggests that beta motoneurons receive monosynaptic group Ia excitation comparable to that in motoneurons, which would then result in a positive feedback loop (Burke et al., 1973) . While the model of Lin and Crago (2002) suggests that the beta input could be received by the model, this is somewhat unclear from their description. In contrast, the development of Maltenfort's black box spindle model was largely inspired by the author's desire to study the effects of beta motoneurons. After designing a spindle model that responds to fusimotor input, the β feedback was simulated as a spindle model receiving a fusimotor drive that is proportional to the instantaneous firing rate of that afferent. The model assumes that the effect of β motoneuron activity on spindle afferent firing has the same strength and time course as the effect for a fusimotor neuron of the same type (static or dynamic), but it is not clear whether or how to account for the general tendency of alpha (extrafusal) motoneurons to fire much slower than gamma (fusimotor) neurons.
Model parameters and performance
The number of model parameters varies across the models depending on their complexity. When possible, many parameters were derived directly from spindle or extrafusal fiber literature. The remaining free parameters were typically optimized to account for various afferent records under experimentally controlled conditions of kinematics and fusimotor stimulation, mostly from feline hindlimb muscles. Usually no independent data sets were available to validate the models. Their strengths and weaknesses in fitting the available data are discussed for each model below.
Spindle models
The structural models rely on anatomy and physiology to explain spindle afferent behaviour during different kinematic and fusimotor conditions. The structural spindle models usually use the extensive information available about the internal spindle components and their properties as measured directly in intrafusal fibers, or as inferred indirectly from spindle activity during controlled experiments, or as extrapolated from general properties of striated muscle fibers. Similarly to the biological spindle, the spindle models are driven by a combination of length changes and fusimotor activation (where modelled) in order to generate primary and/or secondary afferent activity. Most models use the extrafusal fiber length as the kinematic input, assuming that it is representative of the length changes being experienced by a spindle lying in parallel to extrafusal fibers. Because of series elasticity in tendons, the velocities of the spindles and extrafusal muscle fibers may differ transiently from the length of the overall musculotendon unit from origin to insertion, which more directly reflects the skeletal posture (Hoffer et al., 1988) . Some models address the primary and secondary afferents separately (Mileusnic et al. 2006; Lin and Crago, 2002 ); others concentrate only on the primary afferent (Rudjord, 1970b; Schaafsma et al. 1991; Hasan, 1983 .
Structural model of Rudjord 1970 Contrary to the initial modelling attempts that used linear transfer functions to describe spindle afferent behaviour, Rudjord pointed out various nonlinear transfer properties and developed a secondorder model of primary afferents. The model was created to describe the behaviour of the deefferented spindle, but it included two types of intrafusal muscle fibers (bag and chain) having different mechanical properties. The mechanical model consisted of two parallel mechanoelastic transducers (that simulate the effect of the terminations on the bag and chain fibers) that are in series with the polar region. Therefore, when the length changes are imposed on the entire system, the length changes of the two elastic elements (kλ -chain and kα bag) are considered to activate two mechanoelectric transducers. An amplitude dependent gain of the α branch transducer is included to account for nonlinear transfer properties prior to superimposing two output components. The two transducers were assumed to have different gains.
The equations of movement for the entire system were developed and a transfer function derived that completely characterized the static and dynamic behaviour of the model. Rather than optimizing the free parameters for specific experimental data, the parameters were adjusted to capture qualitatively various types of published data. By introducing a much higher gain for bag than for chain transducers, the model demonstrated also the ability to capture the stiction overshoot at the initiation of ramp stretches. For sinusoidal stretches of varying frequency, both the amplitude ratio and the phase advance showed only moderate agreement with experimental data (Matthews and Stein, 1969) .
Structural model of Hasan 1983
Hasan (1983) presented one of the first models consisting of mathematical elements representing the anatomical components found in the biological spindle. Hasan's model separates the mechanical filtering process from the later transducing and encoding processes. It describes the mechanical filtering that converts the change in muscular length to change in extension of the nerve endings as a nonlinear process. This is supported by the observation in isolated spindles that increasing amplitudes of sinusoidal stretch produce less (Rudjord, 1970). than proportional increases in the amplitudes of modulation of spindle tension or receptor potentials of both primary and secondary endings. Transduction and spike encoding were linear, on the assumption that any nonlinearities could be incorporated into the mechanical filtering.
The model differentiates between the sensory and polar region of the intrafusal fibers. The sensory region is modelled as a spring. The polar region is assumed to share many similarities with mechanical features observed in extrafusal fibers and included features of nonlinear velocity dependency and a property akin to friction. Each of the regions (sensory, polar) is described by an equation and the two equations are then summarized in a differential equation. By solving the equation, the length of the sensory region was obtained. Once the equation for length in the sensory region was calculated, the instantaneous discharge rate (afferent activity) was assumed to be a function of the rate and extent of sensory region elongation.
The model also addresses the fusimotor activation but in a qualitative rather than quantitative way. Particularly when integrating fusimotor activation, the model demonstrates a very rigid structure that requires changing its parameters to account for each fusimotor state. It cannot account for the modulated fusimotor activation usually found in cyclic tasks such as locomotion. Like Rudjord's model, it can account for the initial burst in afferent activity at the start of each stretch, whereas in the biological spindle this occurs only during the first stretch after a period of rest (Matthews, 1972) . Nevertheless, the model captures qualitatively many aspects of afferent activity. Because of both its innovative nature and its easy implementation, Hasan's model attracted the attention of many researchers.
Structural model of Schaafsma et al. 1991 This structural model of the primary afferent incorporates fusimotor effects that arise from two intrafusal fiber submodels (Figure 3 One submodel represents the bag1 intrafusal fiber and receives dynamic fusimotor input, while the other represents bag2 and chain fibers together and receives static fusimotor input (called bag2 submodel). Both submodels contain a sensory part (the central nuclear bag around which primary afferents terminate) and a muscular part (the contractile portion of a nuclear bag, containing sarcomeres). The sensory parts are modeled as identical linear elastic elements. The muscular part of the bag1 submodel is modelled as a slow twitch muscle fiber, and that of the bag2 as a fast twitch fiber. The forces generated by this part depend on fiber activation, fiber length and contraction velocity (similar to extrafusal muscle fibers). The two submodels differ in terms of the parameters that control the maximal isometric force, the passive elasticity, the maximal force for an eccentric contraction relative to the maximal isometric force, and the passive damping coefficient. The fusimotor input is linearly related to the active force, and scaled with respect to the fusimotor excitation for maximal effect. The model furthermore includes the force enhancement in response to stretch that has been observed in extrafusal muscle fibers.
Each bag submodel generates a depolarization (transducer process) that depends linearly on the length of its sensory region. The firing rate of the bag submodel is linearly dependent on the receptor potential but also on the rate of change of the receptor potential. The final primary afferent firing is obtained by competition between the two action potential trains. The model assumes complete occlusion -the final primary afferent discharge is driven by the intrafusal fiber providing the highest discharge rate.
The bag1 submodel's muscular part also includes the crossbridge fixation (or stiction) in order to account for the high sensitivity of muscle spindles to small amplitudes of stretching (e.g. initial burst at the onset of ramp andhold stretches). The model assumes one hundred crossbridge regions that are initially fixed and thereby make the muscular part rigid. If a stretch is introduced, all elongation is initially transmitted to the sensory region resulting in intrafusal fiber force. As the force increases, the crossbridges gradually release one after the other when their individual breaking forces are reached.
While many parameters used in the model are based on spindle or extrafusal fiber literature, it was necessary to define the remaining ten parameters. The parameters were optimized on experimentally recorded primary afferent activity during 36 rampandhold stretches under 6 different conditions of fusimotor activity (constant static or dynamic fusimotor input, not simultaneous) and 6 different velocities of stretching. The resulting model accounted well for the data used for the fitting process.
The output of the model during small amplitude, 1 Hz sinusoidal stretches was compared to experimental data in terms of amplitude, modulation depth and phase during constant static or dynamic fusimotor input. The model underestimated the afferent activity, generating about onehalf the discharge modulation reported in experimental studies. The phase advances predicted by the model tended to be slightly lower than those observed for real spindles. A combined model of extrafusal muscle and spindles was designed in order to study their interaction (Figure 4 ) . A Hilltype muscle model was used to obtain the extrafusal fiber length, which was assumed to be proportional to the intrafusal fiber length. The spindle model is a structural one consisting of three intrafusal fiber models (bag1, bag 2 and chain). The three intrafusal fiber models share the same structure (normalized Hilltype muscle model) while having different parameters (maximal muscle force, optimal muscle fiber length, tendon slack length, muscle mass, etc). Each intrafusal fiber has a sensory region in series with a polar regionconsisting of intrafusal contractile element (CEi), intrafusal fiber mass (Mi), parallel viscous element (Ri) and nonlinear spring corresponding to series elastic element (Kt,i) and passive elastic element (Kp,i).
Structural model of Lin and Crago 2002
Dynamic fusimotor activity excites the bag1 fiber's polar region, while static fusimotor activity excites bag2 and chain fibers' polar regions. The model calculates the intrafusal muscle force by multiplication of the activation level, the output of the force-length curve and the output of the forcevelocity curve, similarly to extrafusal fibers. The initial burst is modeled as a potentiation of stretch sensitivity (tx) that is a negative (decreasing) exponential function of the activation level. The model assumes that each intrafusal fiber has an independent impulse generator site. The stretch in each intrafusal fiber's sensory region is calculated to obtain its activity. The Figure 4 : The structural spindle model by Lin and Crago (2002) primary afferent firing rate is modelled as resulting from the complete occlusion between the bag1 and bag2 fiber activities.
The secondary afferent endings are assumed to be located only on the sensory region rather than juxtaequatorially. The secondary afferent activity results from the complete occlusion among the activities in bag2 and chain fibers. Individual intrafusal fibers also include time constants of activation dynamics (lowpass filter properties). The chain fiber is modelled as having a significantly shorter time constant than slow bag fibers. Overall, 89 parameters, out of which 24 were free parameters, were used in this model.
The model correctly predicted the fractional power dependence on stretch velocity of the primary and secondary ending responses. In the case of the primary afferent, the model performed well during rampandhold and sinusoidal stretches, especially during the stimulation of individual fusimotor inputs, while demonstrating certain limitations in the absence of such inputs. In the case of the rampandhold stretch, the model underestimated the afferent decay time after completion of the stretch, especially in the absence of any fusimotor stimulation (0.2 vs. 0.5s). At the completion of the stretching phase of a rampand hold stretch, the model predicted an abrupt and brief cessation of firing, which might be a troubling artefact if the model were to be incorporated into a model of segmental regulation of motor output. Finally, the performance of the model during combined fusimotor stimulation is not described, except for a single rampandhold example presented without matching experimental data. Because the model uses complete rather than partial occlusion, it seems likely that the model will underestimate afferent activity during conditions of simultaneous fusimotor stimulation.
Structural model of This model consists of mathematical elements closely related to the anatomical components found in the biological spindle ( Figure 5 ). It is composed of three nonlinear intrafusal fiber models (bag1, bag2, and chain). Each intrafusal fiber model responds to two inputs: fascicle length and the relevant fusimotor drive (dyanmic fusimotor drive to the bag1 and static fusimotor drive to the bag2 and chain fibers). The spindle model generates two outputs: primary (Ia) and secondary (II) afferent activity. The primary afferent response results from the contributions of all three intrafusal fiber models on which the primary afferent receptor has transduction endings. The secondary afferent receives inputs from only the bag2 and chain intrafusal fiber models. All the intrafusal fiber models share the same general structure, a modified version of McMahon's spindle model (McMahon, 1984) . The relative importance of model parameters differs for three intrafusal fiber models to account for the different properties of three fiber types. The intrafusal fiber model consists of two regions, sensory and polar. The sensory (transduction) region contains afferent endings wrapped around it. Stretch of this region results in distortion of afferent endings, depolarization of their membranes, and increase in the rate of action potential firing (Boyd and Smith, 1984) . The sensory region of each intrafusal fiber model is modelled as a linear elastic element. The model calculates the stretch in the sensory region to obtain the intrafusal fiber's contribution to the activity of the afferent (prior to taking into account the partial occlusion described below). The polar region, constituting essentially a striated muscle fiber innervated by fusimotor endings, is modelled as a spring and a parallel contractile element that consists of an active force generator and a damping element, both of whose properties are modulated by fusimotor input. The polar region's damping term is primarily modified by dynamic fusimotor stimulation and to a smaller extent by static fusimotor stimulation. Increases in damping result in increases in the velocity sensitivity of the primary afferent, which plays an important role in modulating the spindle's behaviour during dynamic fusimotor excitation of the bag1 fiber. By contrast, static fusimotor activation produces a small decrease in damping. Active force generation is strongly modulated by the static fusimotor input, which causes a sustained, strong contraction within the bag2 and chain polar regions, producing a stretch in the sensory region and a bias in the afferent activity. Dynamic fusimotor input produces a similar but much weaker effect in the bag1 fiber. The model also incorporates the experimentally observed nonlinear velocity dependency of the spindle's afferent response (Houk et al. 1981) . Furthermore, it incorporates the experimentally observed asymmetric effect of velocity on force production during lengthening and shortening observed in extrafusal striated muscle. The intrafusal fiber models include a biochemical Hilltype equation to capture the saturation effects that take place at high fusimotor stimulation frequencies. Additionally, the models incorporate lowpass filters when converting the fusimotor input into model activation to account for the experimentally measured temporal properties of individual intrafusal fibers, particularly for slow bag intrafusal fibers.
The output of the primary afferent is captured by nonlinear summation between the bag1 and combined bag2 plus chain intrafusal fiber outputs, to account for the effect of partial occlusion that has been observed in primary afferents during simultaneous static and dynamic fusimotor stimulation (Banks et . Primary afferent response is shown for 3 different whole muscle stretch velocities and 3 different fusimotor conditions (no fusimotor stimulation, constant dynamic fusimotor stimulation, constant static fusimotor stimulation). Secondary afferent response is shown for 3 different whole muscle stretch velocities in absence of fusimotor stimulation.
intrafusal fibers are compared and the larger of the two plus a fraction (S) of the smaller are summed to obtain the primary afferent firing. The secondary afferent output (which is not influenced by bag1 receptors) is obtained from the simple summation of the outputs of bag2 and chain intrafusal fiber models. The model behaviour is described by a second order differential equation which uses muscle fascicle length and fusimotor inputs (static and dynamic) to calculate the primary and secondary afferent firing. Numerous model parameters were based on the experimental literature for the intrafusal or extrafusal muscle fibers while the remaining parameters were fit using standard leastsquares fitting algorithms. A single set of model parameters was optimized on a number of data sets collected from feline soleus muscle, accounting accurately for afferent activity during a variety of ramp, triangular, and sinusoidal stretches. The primary and secondary afferent firing during ramp and triangual stretches at different velocities and during different fusimotor stimulation conditions on which model data were optimized is accurately captured (Figure 6 and 7) . During simultaneous static and dynamic fusimotor stimulation the model correctly captured the primary afferent activity as influenced by the partial occlusion effect (Figure 8 ).
The model was validated on an independent data set recorded in the decerebrate cat preparation where two types of naturally occurring static fusimotor drives were recorded (Taylor et al. 2000) . Although the existence of two types of static fusimotor drives is still not universally accepted, the researchers suggested that type1 static fusimotor drive innervates chain or bag2 and chain fibers together, whereas type2 static fusimotor drive innervates solely the bag2 fiber. Although originally planned to receive one type of static fusimotor drive, the spindle model was modified to account for two static drives. The experimentally recorded kinematic and fusimotor profiles were used to run the modified model and calculate secondary afferent activity. The model simulations were repeated twice, with and without the inclusion of the lowpass filter for bag2 intrafusal fiber model. When subject to two static fusimotor drives, the model more accurately predicted experimentally recorded secondary afferent activity when incorporating the known different temporal properties of the two fiber types. The model suggests that the experimentally observed phase differences between two static fusimotor drives compensate for the differences in contractile dynamics of their respective intrafusal fibers, resulting in synchronous static fusimotor modulation of the receptors, at least in this preparation. . Primary afferent activity was recorded during constant static or dynamic fusimotor stimulation.
Black box model of Maltenfort and Burke 2001
The development of the model was largely inspired by the desire to study the effects of beta (β) (or also called skeletofusimotor) motoneurons which innervate both intra and extrafusal muscle fibers (Laporte and EmonetDénand, 1976) . Some evidence suggests that β motoneurons receive monosynaptic group primary afferent excitation comparable to that in motoneurons, potentially resulting in a positive feedback loop (Burke and Tsairis, 1977) .
As proposed previously by several researchers, the model describes the cat's primary afferent (Ia) as a sum of four components: a pure velocity sensitivity, a pure position sensitivity, a mixed velocity and position sensitivity, and baseline afferent activity at the initial length of the muscle (Lennerstrand and Thoden, 1968b , Lennerstrand and Thoden, 1968a , Hasan, 1983 , Prochazka and Gorassini, 1998 (Figure 9 ). Spindle afferent response R to muscle length (x) and velocity (v) is summarized by the following equation where denotes fusimotor drive, instantaneous primary afferent firing rate, a velocityindependent position sensitivity, a velocitydependent position sensitivity, a pure velocity sensitivity, and the baseline firing of the spindle at the initial length.
In their primary afferent spindle model Maltenfort and Burke extended the above mentioned theory and subdivided , , and into the response of the passive spindle to stretch ( ; no input) and additive responses to stretch modulated by dynamic ( ) and static ( ) fusimotor inputs ( , ):
The passive response is given by The portion of spindle response to stretch that is modulated by fusimotor drive is where subscript represents static or dynamic drive, is muscle mass, estimate of velocity.
The model also includes occlusion:
where and are the increments in primary firing rate (over passive) caused by fusimotor inputs and individually.
Finally, baseline firing ( ), position sensitivity ( ) and velocitydependent terms ( and ) during lengthening and shortening were estimated based on the published experimental records of spindle activity.
The model fairly accurately captured primary afferent activity during ramp stretches at different velocities without fusimotor stimulation as well as with either constant static or dynamic fusimotor stimulation present. During small sinusoidal stretches without fusimotor stimulation as well as during individual or simultaneous static and/or dynamic fusimotor stimulations, the model also performed relatively well for most of the conditions.
In terms of the role of β feedback that inspired the development of the spindle model in the first place, this was simulated as a single spindle receiving a fusimotor drive that was proportional to the instantaneous firing rate of that afferent. The model also assumes that β input has the same influence on primary afferent firing as motoneurons. In other words, the effect of β motoneuron activity on spindle afferent firing had the same strength and time course as the effect of a motoneuron of the same type (static or dynamic). During triangular stretching, the β feedback enhanced the primary afferent firing during shortening, while the closure of the β dynamic loop increased primary afferent firing during lengthening. In general, the loop gain increased with velocity and amplitude of stretch but decreased with increased superimposed rates. The effect of β feedback was most noticeable when β loop and bias were of different type.
Ensemble spindle activity
Computing kinaesthesia from spindle afferent activity is not trivial. The firing rates of individual afferents tend to be noisy (Prochazka et al., 1977, Loeb and Duysens, 1979) as a result of transduction noise and mechanical ripple from fusimotor activity. Combining signals from many asynchronously firing afferents results in a Poisson distribution for which signaltonoise ratio improves with the square root of spike events (Loeb and Marks, 1985) . Accurate information about the length and velocity of each muscle can only be extracted by combining activity from all available spindle afferents and only after accounting for fusimotor drive and tendon stretch, as noted above.
Most joints have more than one axis of motion and most muscles cross more than one joint, so information about the length and velocity of many muscles must be combined to build up an accurate sense of posture and motion. The numbers of spindles in almost all human skeletal muscles have been counted (Voss, 1971) and have been used in largescale musculoskeletal models to test hypotheses about how these signals are combined to account for psychophysical measurements of kinaesthetic resolution at each joint (Scott and Loeb, 1994 ).
Golgi tendon organs
Golgi tendon organs (GTO) are tensionsensitive mechanoreceptors found in mammalian skeletal muscles that supply the central nervous system with information regarding active muscle tension by their Ib afferents. The GTOs are most commonly located at the junctions between the muscle fibers and the collagen strands composing tendons and aponeuroses (Figure 10 ) (Golgi, 1878 , Golgi, 1880 . The GTO receptor consists of bundles of collagen fibers that connect small fascicles of muscle to the whole muscle tendon or aponeurosis (Schoultz and Swett, 1972) . In other words, the GTO is placed in series between muscle fibers ("muscle end") and tendon and aponeurosis ("tendon end"), the oppostie of the muscle spindle which lies in parallel with extrafusal muscle fibers. Each GTO receptor is usually innervated by a single large, myelinated Ib afferent that enters the GTO capsule near its equator. The activation of a muscle fiber that inserts onto tendon strands that pass through the GTO straightens some of the collagen strands, compressing and depolarizing the pressuresensitive afferent endings and eventually resulting in membrane depolarization and initiation of action potentials in the Ib axon (Fukami and Wilkinson, 1977) .
GTO models
To date, only two models of GTO activity have been published Simon, 1967, Mileusnic and ). The later model was subsequently used to study the ability of the ensemble firing of all GTO receptors in a muscle to accurately encode whole muscle force (Mileusnic and Loeb, 2009 ).
Model of Houk and Simon 1967
Although the main objective of the published work by (Houk and Simon, 1967) was to test whether active contraction rather than muscle stretching was more effective in activating the GTO, they also offered a linear model of GTO response. In the studies, a laminectomy was performed on adult cats and the dorsal and ventral roots subdivided to record individual GTO activity during stimulation of individual motor units. The firing rate of the Ib afferent to any input whose time course is specified by is calculated from the convolution or superposition integral where represents a model response to a unit impulse. In other words, the convolution integral computes the output by adding up the responses to an infinite series of infinitesimal impulses. The dynamic properties are defined by the means of , where is defined as and characterizes the tendon organ. , , , , are parameters, is the unit impulse function, and is the unit step function the effect of exponential parameters can be best appreciated by looking at the response to a step input
The dynamic properties of tendon organs to stimulations of single motor units at different velocities were recorded. Subsequently, these different responses were fitted by the simulated responses of the mathematical model of the receptor where model parameters were adjusted for each individual GTO response. The exponential parameters of the model indicate the magnitude of overshoot ( and ) and the decay rate ( and ), while is a gain factor whose physiological correlate is the sensitivity of the receptor (Figure 11 ).
In addition to GTO responses to individual motor unit stimulations, the researchers recorded also GTO activity during multiple motor unit stimulation, which results in nonlinear summation. If two motor units are stimulated simultaneously, the resultant response is greater than that which could be obtained from either individually but smaller than that expected from simple addition. While providing an experimental example of nonlinear summation, the researchers do not report on model parameters that would capture it.
Model of Mileusnic and Loeb 2006
A recently developed, anatomically based GTO models attempts to explain the experimentally recorded GTO firing by interactions of various histological components of the GTO. It is based on feline medial gastrocnemius (MG) muscle in which the GTO has been most extensively studied.
A biological GTO consists of bundles of collagen fibers that connect small fascicles of muscle fibers to the whole muscle tendon or aponeurosis (Figure 11 ). Similarly to a biological GTO, the GTO model receives the tension input from multiple muscle fibers inserting into its capsule. A typical GTO in feline MG is attached to 20 muscle fibers belonging to 13 different motor units (Gregory, 1990) .The structure of the GTO model is also strongly influenced by the published literature which suggests that the collagen within the GTO capsule is unevenly packed. The marginal areas of the GTO are typically occupied by densely packed collagen whose fibers run in parallel with one another and only rarely make contact with the GTO afferent axon. The central area of the capsule is occupied largely by loosely packed collagen containing many afferent branches among the complexly interwoven collagen strands (Schoultz and Swett, 1972, Nitatori, 1988) .
The GTO model assumes that a single muscle fiber inserting into the capsule interacts with both types of collagen (Figure 12 ). Because at least two large myelinated branches are typically found within the GTO capsule, each innervating separate portions of the GTO's loosely packed collagen network, the model assumes the existence of two separate transduction zones, each having its own impulsegenerating site. The bypassing collagen attached to an inserting muscle fiber is modelled as uninnervated nonlinear spring, while the remaining innervated collagen is distributed between two common transduction zones. The loosely packed collagen within each transduction zone consists of a nonlinear sensory spring (collagen in direct contact with sensory endings) in series with an element consisting of a nonlinear spring in parallel with a damper that reflects the tendency of collagen strands within the network to gradually rearrange in response to stretch.
The amount of innervated and bypassing collagen that is attached to a single muscle fiber is determined by using a conceptual geometrical arrangement of fibers inserting into the GTO where the GTO's crosssectional area is assumed to be flower shaped and the fibers are arranged in the manner of flower petals. The cumulative innervated collagen belonging to all the muscle fibers inserting into the GTO is assumed to occupy an inner zone (10% of the total GTO collagen) of the flowershaped crosssectional area. Therefore 90% of the cross sectional area is assumed to be of the bypassing type. The various extrafusal fiber types (S, FF, FR) have different crosssectional areas and therefore different amounts of the collagen attached to them, accounting for their different abilities to deform innervated collagen and excite the nerve endings.
The sensory region is modelled as a spring in series with loosely packed collagen and represents the collagen that is in direct contact with the sensory endings. The model assumes that transduction in the sensory endings reflects the amount of stretch of the innervated collagen attached to a given muscle fiber weighted by the crosssectional area of that collagen. The two separate transduction zones each have their own impulse generating sites and the net activity of the Ib afferent reflects the dominant site (complete occlusion).
The equations of tensions in various model regions were derived and combined. The model parameters were manually tuned rather than optimized because the available experimental data are sparse and highly variable, particularly for the more complex aspects of GTO behaviour.
The model captures GTO activity well as reported in the literature, including the following complexities: Figure 11 : GTO response to a tetanic contraction of a single motor unit (upper curveslow contraction, lower curvefast contraction). The input force is represented by solid line while modelled GTO rate of discharge 'r' in pulses per second as +. (From Houk and Simon, 1967) Figure 12: Structural GTO model . a. The structure of the GTO model. For simplicity the figure represents only two of the many muscle fibers that insert into the GTO capsule. Each fiber has its collagen divided among bypassing and innervated collagen which is then divided between two common collagen networks having separate impulse generating sites. b. The flowershaped cross sectional area of collagen within the GTO. The muscle fibers' collagen was assumed to be arranged in the manner of the flower petals where the fiber's collagen that occupies the central area of flowershaped structure belongs to the innervated collagen type (yellow) while the more distally located collagen is of bypassing type (dark grey).
Dynamic and static responses
After a sudden step activation of the MU, the GTO response consists of a burst (dynamic response) that gradually decays to a constant afferent firing (static response) as a result of the damping term as well as the time dependencies of force generation in various fiber types. The figure above demonstrates the model's response to slow, nonfatiguable, and fast fatiguable motor unit activation.
Self and crossadaptation
This refers to a phenomenon whereby a GTO's dynamic response during motor unit activation is decreased after prior activation of the same motor unit (selfadaptation) or a different motor unit (crossadaptation) (Gregory and Proske, 1979, Gregory et al., 1985) . In Figure 13 , the second responses of the modeled GTO to the same tetanic activation of same (or different) motor unit shows a typical decrease confined to the dynamic response. The experimental literature describes large variability in the amount of cross adaptation that exists between different MUs (Gregory et al., 1985) . Two FF muscle fibers were modeled as sharing either 90% or 10% of the innervated collagen. Figure 4 shows a large or small amount of crossadaptation, respectively, when the units are activated in succession.
Nonlinear summation
During the activation of multiple MUs the GTO demonstrates nonlinear summation, where two MUs The GTO model's ability to capture nonlinear summation . The GTO afferent activity is obtained in response to progressive recruitment of 8 MUs.
when stimulated simultaneously produce afferent activity that is smaller than the linear summation of the GTO firing rates that individual MUs produce when stimulated independently (Gregory and Proske, 1979) ( Figure 14 ).
Ensemble GTO activtity
Typically, tens of GTOs are distributed unevenly across the myotendinous junction, where each of them responds vigorously to active tension produced by those muscle fibers that insert into its capsules. The ensemble firing of all GTO receptors in the muscle has been hypothesized to represent a reliable measure of the whole muscle force during normal, sizeordered recruitment of motor units (Jami, 1992) but the precision and accuracy of that information are largely unknown because it is impossible to record activity simultaneously from all GTOs in a muscle.
The GTO model developed by was used subsequently in a larger model of ensemble GTO firing to test Jami's hypothesis. The model of ensemble GTO firing in a muscle was designed to examine the reliability of the ensemble sensory information (to study the relationship between the aggregate GTO activity and total muscle force). To derive the ensemble GTO activity, the model utilizes several other models. The previously described GTO model was employed to obtain afferent activity of each individual GTO receptor in response to tensions of muscle fibers inserting into its capsule. A model of the crosssectional area of the muscletendon junction (including the distributions of Figure 15 : The relationship between the ensemble Golgi tendon organ activity and whole muscle tension (as predicted by ensemble GTO model from Mileusnic and Loeb, 2009) . The relationship is shown for four conditions: intact muscle, selfreinnervated muscle, intramuscular electrode stimulation and nervecuff electrode stimulation.
various types of muscle fibers, motor units and GTOs) was designed in order to obtain a realistic sample of muscles fibers that insert into each GTO receptor. Finally, the realistic muscle model was used to calculate the tensions of the fibers inserting into individual GTOs.
The relationship between the aggregate GTO activity and whole muscle tension was investigated under conditions of natural muscle recruitment and natural distribution of GTOs and muscle fibers as well as in pathological muscles (for example, reinnervated muscles, artificial recruitment by functional electrical stimulation). The ensemble activity was studied for all conditions during very slow ramp muscle activations as well as during phasic excitation similar to that associated with cyclical behavior such as locomotion.
The model suggests that in the intact muscle where MUs are recruited based on the size principle (Henneman and Mendell, 1981) , the ensemble GTO activity accurately encodes force information according to a nonlinear, monotonic relationship that has its steepest slope for low force levels and tends to saturate at the highest force levels. Various types of neuromuscular pathology and electrical recruitment produced different and sometimes nonmonotonic inputoutput relationships, as illustrated in Figure 15 .
